Stimulated amplification of fluorescence signals is obtained under conditions which approach biocompatibility by adding NanoParticles (NPs) to an aqueous solution of fluorescein. The conditions for the stability of the suspension and optimum dye concentration are detailed, together with considerations on photobleaching and phototoxicity. A dedicated experimental setup, coupled to a specified measurement protocol, prove that it is possible to obtain gain factors up to 40, with a considerable reduction in spectral fluorescence linewidth. A pump-energy-and NP-concentration dependence of the fluorescence pulse duration is interpreted as further proof of stimulated amplification. Perspectives and possible biological applications are discussed. † Share responsibility for the multidisciplinary project
I. INTRODUCTION
In biology and health research, the use of fluorescence for the detection, quantification and imaging of biological structures has spread widely since the end of the 20th century. It has gradually replaced radioactive markers [1] , which, despite their unparalleled sensitivity, have been considered too dangerous and constraining. The popularity of fluorescence detection is due to: (i) advances in the field of probes based on the development of fluorophores with higher brightness [2] or better photostability [3] ; (ii) to the improvement in sensor quantum yield, as well as to the evolution of technologies ranging from CCD cameras to EMCCD and sCMOS for cell biology [4] . While fluorescence detection remains very efficient, compared to colorimetric stainings, and competitive with radioactivity approaches, the detection of rare cell populations or markers that are poorly expressed or represented, remains a hurdle for which new amplification methodologies are still needed. The majority of strategies have therefore focused on probes [2] and detectors [4] while constantly trying to minimize the power from the excitation sources to limit phototoxicity and photobleaching [3, 5] .
The latest efficient, popular, but costly methodology has been developed for in situ hybridization. The RNAscope [6] is based on a tree architecture of an RNA linker to multiply the fixation of probes and thus locate a specific nucleic acid sequence/cell. The constraints inherent in these approaches is the number of distinguishable fluorochromes which can be simultaneously detected, due to the nonnegligible linewidth of fluorescence emission. Current efforts in cell biology are also directed towards an increase in the number of fluorochromes, coupled to biomarkers of interest, to allow for the simultaneous detection of different cellular features. The promise of smaller linewidths typical of stimulated amplification has led to investigations aiming at their use as future probes [7] . Along these lines, emerging work from the field of optofluidic lasers [8] have explored the incorporation of biological samples into microfluidic cavities filled with fluorescent dyes and pumped by a laser source. Its goal is to use the cell's typical refractive index as it perturbs the microcavity during its microchannel crossing to identify the cell's phenotype. In a similar way, in a static FabryPerot environment a biological laser was obtained from a individual cell [9] or an ensemble of bacteria [10] expressing the Green Fluorescent Protein. Whispering gallerymode intracellular micro-resonators to barcode cells [11] have been equally proposed.
Based on the same theoretical foundations of lasers, we consider an alternative solution to improve the efficiency of fluorescence emission in a less constrained environment. This alternative is based on the physical principle of random lasers and the multiple scattering of light [12, 13] . Letokhov [14] laid the foundations for stimulated amplification by an incoherent positive feedback from scatterers in a diffusive regime, calling it the photonic bomb. Its first experimental demonstration was proposed by the team of Ambartsumyan who replaced one mirror of a Fabry-Perot cavity with a diffusive surface [15] . Many different random lasers are now described [13] with solutions of Rhodamine 6G (R6G) as gain medium, which is a cytotoxic dye [16] usually diluted in nonbiocompatible organic solvents or at non-physiological pH [17] . Exploiting the intrinsic architecture of a biological tissue as natural scatterer, a team described the use of R6G to generate random lasing from bone fibers stained with this dye [18] . Combining the concept of biological and random laser, the goal of this work is to lay the ground for a sub-laser-threshold fluorescence amplification from biological samples while keeping the experimental conditions as biocompatible as possible. A stimulated emission fraction will be created by recycling the excitation and emission photons thanks to scattering in the sample.
In this study we demonstrate the possibility of obtaining a significant stimulated fluorescence amplification from a fluorophore commonly used in cell biology, in an aqueous medium, and at biological pH. Biocompatibility requires the careful consideration of suitable arXiv:1908.10199v1 [physics.bio-ph] 27 Aug 2019 fluorophores, of the phototoxicity induced by the optical pumping and by the scatterers which are added to the sample. We remark that the amplification obtained in the course of this work also leads to a spectral narrowing of the fluorescence, thus adding to the detection of intrinsically weak fluorescence signals the advantage for denser multiplexing of fluorochromes for biomarker identification. Our experimental choices were driven by future biological applications and, although the present paper will not address all the points needed for full biocompatibility, they guide the whole investigation. After a discussion of the choices made (Section II) we describe the sample preparation (Section III), the experimental setup (Section IV) and its calibration (Section V), followed by the techniques used for data processing (Section VI) and an analysis of the results (Section VII).
II. EXPERIMENTAL CHOICES

A. Fluorophore
The fluorophore is chosen to be the least possible cytotoxic, as we aim for an amplification technique compatible with physiological conditions. Even though R6G is commonly used for its excellent Quantum Yield (≈ 0.95 [19] ), in addition to other laser dyes [20, 21] , it is marred by mutagenicity and toxicity in cells, tissues, and organisms [16] , thus its use is restricted to fixed (i.e., non-living) samples [18, 22] . Instead, Fluorescein-5-Isothiocyanate (FITC) is a widely used, Food and Drug Administration (FDA)-approved fluorescent dye [16] and one of the first fluorophores used in cell biology, also in the form of Carboxy-Fluorescein (CFSE) for in vivo cell proliferation [23] .
B. Scatterers
The rutile form of Titanium Dioxide NanoParticles (TiO 2 -NP) has been chosen for its larger refractive index (n rutile = 2.87 @ 500 nm [24] ) over the anatase form (n anatase = 2.56 @ 500 nm [25] ). The high index contrast, relative to the surrounding environment (mostly water with n ≈ 1.33 [19, 26] ), ensures stronger light scattering strength [17] inside the gain medium. The TiO 2 -NPs play the role of passive elastic scatterers and lengthen the effective optical path of the radiation (both pump and fluorescence) thereby promoting the amplification of the fluorescence process [17, 27, 28] . While its full biocompatibility has been recently challenged [29] , nonetheless submicron-sized particles (including nanosized fractions) of TiO 2 have been used in food and cosmetics for more than 50 years as a pigment for human use. It is therefore reasonable to assume a sufficient level of biocompatibility for cellular work on limited timespans (e.g., a few hours).
C. Optical pumping
The majority of investigations on random lasers use a pulsed optical pump (mainly Nd:YAG lasers [13] ). This choice is driven by the need for a high photon flux to reach the gain medium's lasing threshold. Similarly, in our investigation we need a large photon flux to induce stimulated amplification from the FITC, but, at the same time, we cannot afford a globally large exposure to light as it would rapidly induce cell damage. Exposure to intense but short optical pulses has been shown to preserve the health state of cells irradiated by frequency-doubled Nd:YAG (λ = 532 nm) pulses for up to 30 minutes [9] . The key to the low phototoxicity of this excitation lies in the low repetition rate, or total integrated exposure, to which the cell is subjected.
Considering pump pulses with energy in the range of E p ≈ 5 mJ and duration τ p ≈ 5 ns, we obtain peak pump power values P p ≈ 10 6 W, i.e. a peak photon flux Φ p ≈ 2.5 × 10 24 s −1 and an integrated dose per pulse Φ t ≈ 1.3 × 10 16 photons. For ν p = 10 Hz pulse repetition rate (Section IV), the exposure duty cycle is δ = τ p · ν p ≈ 5 × 10 −8 , which leads to an average photon flux Φ = Φ t · δ ≈ 6.5 × 10
8 . Comparing to the exposure from a continuous (cw) laser, this would amount to conducting fluorescence experiments with P cw ≈ 2.5 nW, well below the standard fluence where the laser power is typically in the mW range.
III. SAMPLE PREPARATION
To a solution of FITC (F6377, Sigma-Aldrich, [30] ), concentration C F = 200 µM , we mix rutile TiO 2 -NPs (7013WJWR, NanoAmor, [31] ) in ultra-pure water (H 2 O mQ) @ pH7, at concentrations C N = (1.56, 3.12, 6.25) mg/ml.
A. Optimal concentrations
Fluorescein
In order to determine the optimal C F (to reach the highest optical gain) while keeping a low biotoxicity and small self-quenching [5] , fluorescence emission spectra of increasing C F in H 2 O mQ were recorded (spectrofluorimeter FP-8300 JASCO). Figure 1(a) shows the maximal intensity of emission at wavelength λ F ≈ 520 nm as a function of C F proving that the strongest fluorescence intensity is obtained at C F = 200 µM . Compared to the common concentrations used in biological samples [5] (e.g., CFSE cell-loading), this value is approximately ten times higher but still remains five times lower than the R6G concentration used for random lasing in biological samples [17, 28, 32] . When C F > 200 µM ( Fig. 1(a) ) the fluorescence intensity is reduced, probably due to self-quenching stemming from photon re-absorption by the dye [5] .
TiO2
C N was chosen to match the diffusive regime of light scattering: L >> l N >> λ [27] where L represents the sample thickness (2 mm, Section IV C), λ the wavelength (≈ 500 nm) and l N the scattering mean free path. The latter can be expressed as a function of particle density ρ N and scattering cross section σ N , l N = 1/(ρ N ·σ N ) [17, 27] , and takes the numerical values l N = (245, 123, 61)µm for the values of concentration on which we focus in the experiment (ρ N = (1.56, 3.12, 6.25) mg/ml).
B. Scatterer characterization
The mean diameter of the TiO 2 -NPs is (30 < D < 50) nm (manufacturer's specification [31] ) when they are delivered in their liquid suspension (H 2 O, CAS#7732-18-5). However, electrostatic forces generally intervene when transferring the sample to an ionic solution and, as the scattering characteristics sensitively depend on scatterer size, reproductibility requires the obtention of a stable suspension. In fact, charge-induced clustering presents several shortcomings for efficient amplification: (i) larger effective particles -entailing an overall reduction of the scattering amplitude [27] -, (ii) smaller density of resulting scatterers -reducing the number of secondary sources of radiation -, and (iii) larger massthus rapid precipitation of the suspension [33] . The latter point is particularly important for TiO 2 -NP due to their large density (µ N = 4.23 × 10 3 Kg/m 3 ). Care must therefore be taken in obtaining a stable, cluster-free solution.
ζ-potential
Physico-chemical NP equilibrium is ensured by the mutual repulsion [34, 35] , quantified by the isoelectric potential [36, 37] which, naturally, depends on the solution's pH. The sample's isoelectric point results from the manufacturing process and therefore varies from one manufacturer to the next, with consequently different surface and chemical behaviour [33, 36, 37] . Figure 1(b) shows the ζ-potential (measured with a Zetasizer Nano ZS, Malvern) for our TiO 2 NPs as a function of pH, while the red horizontal line marks the boundary for stability [38] and shows that for pH ≥ 4 the suspension is stable. This result thus confirms the stability of the sample at neutral pH. values, signals the presence of clustering, while the stability range, observed for pH ≥ 4 (R h ≈ 60 nm with small dispersion), confirms the information coming from the ζ-potential.
Dynamic light scattering
A quantitative measurement of clustering in the suspension is obtained by measuring, through DLS, the NPs' hydrodynamic radius, R h , which reflects the size not only of the particle core, but also of any surface structure, as well as of the type and concentration of any ions present in the medium. Figure 1(c) shows the normalized autocorrelation g (2) curves of a sample constituted by singlesized particles (monodisperse sample) obtained from the intensity fluctuations of a 680-nm-laser due to TiO 2 NP scattering for pH = 2 . . . 7. These fluctuations are random and related to the diffusion coefficient D s , thus to the R h of the particles undergoing Brownian motion [42] . A shift in the drop in the response towards longer time delay τ DLS reflects a slower motion of the TiO 2 -NPs in solution, i.e., a larger D s . D s is indirectly measured from the particle intensity correlation curve, whose exponential decay [39] can be approximated by the first two cumulants of the measured distribution [43] since the large statistics ensures convergence towards a Gaussian. Under these conditions, the Siegert relation holds for g (2) [44]:
where B is the so-called baseline, τ is the delay time and G(τ ) is the field correlation function. This last function, for homogeneous spherical particles, is:
where Γ = q 2 D s is the decay rate, c(Γ) the weighed distribution of decay rates for the normalized intensity, q the modulus of a scattering vector determined by the solvent refractive index n, the laser wavelength (λ = 680nm) and θ the angle of detection (θ = 90
• relative to the direction of the incident beam). As the NPs undergo Brownian motion, R h is directly obtained from D s using the Stokes-Einstein equation [39] :
where k is Boltzmann's constant, T absolute temperature and µ dynamical solvent viscosity (µ H2O = 1mP a · s at room temperature [45] ) ( Fig. 1(d) ). Small nanoparticles (R h = 60 nm) present a shorter delay (τ DLS ≈ 1 ms) than large ones (R h > 1µm) to which corresponds τ DLS ≈ 10 ms. Slower motion (Fig. 1(c) ), observed for 1 ≤ pH ≤ 3, is linked to the largest mean R h values (R h > 350 nm) with high dispersion (Fig. 1(d) ), signalling the presence of clusters. The diffusion coefficient is the same for all pH ≥ 4, giving R h ≈ 60 nm with a small dispersion. These results are compatible with the achievement of a stable suspension (−50 mV < ζ < −30 mV for pH ≥ 4), as opposed to the large fluctuations in size -accompanying large values of R h (clustered sample) -for 1 ≤ pH ≤ 3.
IV. EXPERIMENTAL SETUP A. Optical setup
Figure 2(a) shows the experimental setup. A Qswitched Nd:YAG laser (Quanta-Ray INDI-40-10-HG, Spectra-Physics) generates frequency-tripled (λ t = 355 nm) pump pulses at repetition rate ν p = 10 Hz with pulse duration τ p ≈ 5 ns and energy ∼ 120 mJ (at λ IR = 1.064µm), which are sent, for parametric downconversion, to a tunable Optical Parametric Oscillator (OPO, VersaScan/120/MB -manufacturer GWU) based on a Beta-Barium Borate (BBO) crystal. The OPO is tuned for a signal emission at λ P = 490 nm which matches the optimal absorption wavelength of the FITC dye.
Pulse-to-pulse stability for the OPO-emitted signal requires uninterrupted operation, in spite of the built-in option of programming an arbitrary short pulse train. Under optimal conditions, the OPO output amounts to pulses with energy E p = (7.5 ± 0.5) mJ, with duration τ p ≈ 5 ns at repetition rate ν p = 10 Hz. Each individual pulse is monitored, and recorded, during the experiment by a Si photodiode (DET10A2, Thorlabs, P1 in Fig. 2(a) , τ P 1 = 1ns rise time and responsivity S P 1 = 0.2 A/W @ λ = 500 nm) placed on a beam pick-off. The OPO beam is astigmatic, with horizontal (¡ 0.7 mrad) and vertical (3 . . . 9 mrad) divergence specified by the manufacturer. In order to minimize energy loss, due to change in optical medium, and preserve beam quality, we have minimized the number of optical elements in the beam path before the experimental cell.
Beamsplitter S (ratio 15:85) allows for the individual pulse monitoring on P1 (Fig. 2(a) ) . The pulse energy is adjusted, for detector protection and optimum exploitation of its dynamic range, by two Neutral Density (ND) filters: an absorptive Kodak Wratten II, with Optical Density OD = 2.0, and a reflective N-BK7 reflective fil-ter (ND30A, Thorlabs) with OD = 3.0. The detector's signal is sent to a 2.5 GHz digital oscilloscope (WaveRunner 625Zi, LeCroy) coupled at 50 Ω. Through a calibration of P1 the energy of each individual pulse sent to the FITC sample is recorded.
The beam transmitted by S, with pulse energy in the range 100µJ . . . 3mJ controlled by an adjustable set of ND filters F1 (Kodak Wratten II), is reflected by a lowpass (λ cutof f = 500µm 45
• dicroic mirror DM (FF500-Di01-25x36, Semrock) and focussed onto the sample by a f = 75 mm lens, L1. The astigmaticity of the laser beam, and the variability from one pulse to the next, renders the estimate of the surface energy density on the sample difficult. Estimating the focussed beam to have a rectangular size 200 × 500µm 2 , the resulting energy density transforms into the range 1 . . . 30 mJ/mm 2 . Given the uncertainty in this estimates all experimental results are given in units of pulse energy.
The backscattered fluorescence pulses, emitted in correspondence of each excitation, are collected by L1 (estimated NA = 0.17), spectrally filtered by the dichroic element DM to remove residual energy at the pump's wavelength, attenuated (if needed) by the set of ND filters F2 (Kodak Wratten II) and focussed onto the detecting unit by a second lens L2. Fluorescence is either temporally resolved by a fast photomultiplier detector (H10721-210, Hamamatsu, rise time τ rt = 0.57 ns and sensitivity 0.1 A/W @ λ = 500 nm) or spectrally analyzed by a spectrometer (USB 2000, OceanOptics, Optical FWHM resolution 1.5 nm). Both detection systems are fiber-coupled (QP-200-2-UV-BX, OceanOptics, core diameter 200 µm, SMA905 adapter, NA = 0.22) through a matched, focusing f =8 mm lens (NA = 0.55) L2.
B. Synchronization
Careful control of the number of pulses and of their synchronized detection is needed for quantitative measurements. The mechanical shutter placed at the laser's output, in addition to prevent photobleaching of the FITC, ensures the synchronization of all operations (Fig. 2(b) ), particularly when the spectrometer is concerned. Control is achieved through home-built electronics and is based on the synchronization signal output by the Q-switched laser (a 5 ms duration TTL signal, red chronogram). The spectrometer cannot directly synchronize with the TTL signal due to an internal time delay (1 µs) that precedes the acquisition start, whereas the laser pulse is delayed by 150 ns relative to the TTL signal (Laser Pulse inset in Fig. 2(b) ). To ensure proper spectrum acquisition, the spectrometer is opened 1 µs after the shutter's opening, which in turn precedes the TTL signal (5 ms duration) by 20 ms. The spectrometer's acquisition window (green chronogram) lasts 80 ms.
C. Sample mounting
The prepared homogeneus solutions of FITC and TiO 2 -NPs are placed in a cell with a diameter d c = 10 mm, formed by a microscope slide, on one side, and a #1-coverslip, on the other. The cell's thickness is t c = 2 mm, controlled by superposing four 500 µm spacers (Cat. #70366-13, Electron Microscopy Sciences). This choice comes from the need for a sufficiently thick sample, on the one hand, and from the opportunity of reducing dye photobleaching [5] in the pumped volume thanks to convective motion in the fluid [46] (the cell is also mounted in a vertical configuration thus gravity enhances convection).
D. Determination of the optimal acquisition time-window
As FITC is submitted to photobleaching [47] we need to characterize fluorescence decay in response to extended exposure. This, in turn, determines the number of pulses we can shine on the sample before bleaching sets in. Sequences of fluorescence spectra have been collected for 1200 pulses (2 minutes) for each pair of experimental parameters (C N , E p ). We observe a sharp fluorescence reduction, followed by a slower one which reaches half of its initial value after approximately 1 minute (data not shown). Due to the first decrease, we determine an optimum time window consisting of 10 pulses (1s) which avoids photobleaching and holds for all pairs of experimental parameters (C N , E p ). Thus, measurements will be taken on a fresh, unused sample, which will be illuminated by only 10 pulses before replacement.
V. FILTERS CALIBRATION
The ND filters F1 need to be calibrated to establish the actual relation between the true pump energy sent to the sample and the one recorded by the photodiode P1. The procedure is achieved in two steps: (1) calibration of the actual OD of each filter F1 with our pump pulses at λ p = 490 nm ; (2) calibration of the actual energy reaching the sample vs. the measured energy at P1 in the absence of filters F1 (i.e., calibration of the entire experimental line). The combination of the two steps provides the actual pump energy sent to the sample for each pulse measured by P1.
An energy meter (PE25BF-C, Ophir) is used to measure the pulse energy for both steps. Each calibration is averaged over 100 pulses. For filters F1 (step 1), we obtain the experimental ODs given in the right column of Table I (with standard deviation) in correspondence to the nominal OD given by the manufacturer.
In order to account for all the losses along the optical path (step 2), the energy meter is positioned in place of the cell and the recorded energy < E > Energy−M eter (averaged again over 100 pulses at λ P = 490 nm) is compared to the energy < E > P 1 measured by P1 (also averaged over 100 pulses) according to:
where R P 1 is the responsivity of P1 (0.2 A/W @ λ P = 490 nm), R osc. the oscilloscope's input impedance (50Ω) and A 90% i the surface of a pulse at 90% of its maximum height (measured in V ·s) computed from the individually acquired temporal traces.
The results are plotted in Fig. 3 , which shows, in its upper panel, the experimental averages, with standard deviation in both axes which originate from fluctuations in the energy of the pump pulses. The bottom graph represents the deviation (in percentage) between the actual measurement and the best linear fit traced in the upper panel. Thus calibration plot (Fig. 3 ) also gives the fluctuations in pulse energy arriving at the experimental sample as a function of the measured (fluctuating) signal on P1 according to:
The analysis of the amplification signals has been carried out with the following procedure:
1. For all combinations of (C F , C N ) we measure all quantities of interest for six different (nominal) values of the pulse energy E p = (0.15, 0.30, 0.60, 1.20, 2.00, 3.00) mJ (actual values reported in the graphs are adjusted on the basis of the reference measured by P1).
2. For each energy and preparation (C F , C N ), we repeat the measurements on 6 independent samples.
3. For each energy and sample, we acquire and record 10 successive fluorescence spectra obtained from 10 pump pulses (1s total acquisition time).
4. For each energy and sample, we compute averageX and standard deviation σ X of the measured quantities X i (fluorescence amplification, gain, fluorescence decay time and Full Width at Half-Maximum (FWHM) of the measured spectra) for 10 measurements.
5. For each measured quantity, we compute weighted averageȲ and standard deviation σ Y over the 6 repetitions (samples) [48] :
whereX n represents any of the measured averages, σ Xn its standard deviation and M the number of repetitions (M = 6 throughout the experiment).
VII. RESULTS AND DISCUSSION
A. Influence of TiO2-NPs upon FITC fluorescence intensity
The addition of increasing concentrations of TiO 2 -NPs (C N from 1.56 to 6.25 mg/ml) into a solution of FITC produces a monotonous growth in the collected fluorescence intensity spectra (Fig. 4(a) ) at the nominal pulse energy E P = 3 mJ. Plotting the spectral intensity maximum for all C N values as a function of pump energy E P (Fig. 4(b) ) shows a clear NP-induced amplification. A red-shift in the position of the fluorescence maximum (from λ M = 517 nm at C n = 0 mg/ml to λ M = 522 nm at C n = 6.25 mg/ml) is evident and can be related to the longer optical path induced by the increased scatterers density. The energy dependence of the fluorescence intensity in the absence of TiO 2 -NPs is visible on an enlarged scale (inset of Fig. 4(b) ). The superlinear fluorescence growth is consistent with amplification by stimulated emission. Concomitant with amplification, spectral narrowing is observed in the collected fluorescence, as illustrated by the shape of the normalized spectra ( Fig. 5(a) ) for the different TiO 2 -NPs, measured at the nominal energy E P = 3 mJ. Figure 5(b) shows the evolution of the FWHM as a function of the pump energy E P : a monotonic reduction is observed as a function of E P for each concentration C N , as well as a progressive reduction, with eventual saturation at FWHM ≈ 5 nm, when varying C N at fixed E P . In the absence of NPs (blue curve) the FWHM remains sensibly constant (FWHM ≈ 20 nm) for all pump energy values in the explored range. The pump pulse has a duration τ p comparable with the fluorescence time decay τ f ≈ 4ns [19] . Thus, the statistical expectation of one photoemission per pump pulse for each fluorophore strongly limits the amount of emitted fluorescence. Stimulated emission instead occurs on time scales much shorter than τ f (by up to six orders of magnitude) and prepares the emitter for a new cycle well within the pulse duration τ p , allowing for the emission of many photons per pump cycle (per emitter), and a larger global photon yield.
In the emission regime devoid of stimulated emission, the fluorescence pulse duration τ f p results from the convolution of the pulsed excitation and the molecular relaxation probability, leading to τ f p > τ p , τ f . The nearly instantaneous stimulated relaxation removes the influence of τ f , thus pointing to a reduction in the value of τ f p . However, the limit τ f p = τ p cannot be attained since the photon flux falls, in the pulse wing, below the rate needed to sustain stimulated emission, giving way to the standard fluorescence process (with its consequent lengthening of τ f p ).
These considerations of principle are confirmed by the measurements of Fig. 6(a) which displays the fluorescence pulse duration τ f p measured by the fast photomultiplier as a function of E P for the three NP concentrations. The pulse width is obtained by the zero-crossing of the signal's normalized autocorrelation function, which contains a small contribution of the not-entirely-negligible detector's response time (cf. Section IV). It is also important to remark that the fluorescence pulse from which τ f p is extracted is the convolution of all the emission processes integrated over different sources (i.e. fluorescent molecules in the sample which emit independently) and is collected in the solid angle corresponding to the optics' numerical aperture N A = 0.17.
The characteristic fluorescence pulse width τ f p decreases monotonically as a function of C N for all pump pulse energy values E N , starting from ≈ 8.5 ns to arrive at ≈ 7.0 ns when C N = 6.25 mg/mL. At low pump energy, instead, there is barely a change in τ f p , consistently with the previous discussion. Notice that the reduction in τ f p appears to be a threshold phenomenon, since in the presence of NPs it first undergoes a sharp drop (when E P = 300µJ → E P = 1.2 mJ) while its subsequent evolution (E P > 1.2 mJ) is gradual. This abrupt change supports an interpretation of the observations based the onset of stimulated amplification and is reinforced by the growth of fluctuations in τ f p which accompany the abrupt change, (for the concentrations of 1.56 and 3.12 mg/ml) as is typical in phase transitions (here from a spontaneous to a stimulated process). The previous results have shown the main physical features of the amplification process introduced and controlled by the presence of scatterers. For practical purposes, however, it is interesting to know what is the advantage which can be gained from the presence of the NPs, relative to the fluorescence yield from the fluorophore alone. For this purpose, we introduce a gain quantity defined as the ratio between the collected spectral peak fluorescence intensity in the presence of NPs to the same quantity in the absence of NPs, under the same illumination conditions:
The gain is shown in Fig. 6(b) for the three concentration values C N . The blue data are those taken in the absence of NPs -thus I F,0 (E P ) -which are used as reference value and which, therefore, correspond to G = 1.
It is interesting to note that the overall shape of the gain curve is different from the amplification curves of Fig. 4(b) . The latter show a superlinear behaviour, with a slow start as a function of E P , while G displays a quick growth which slows down with increasing pump pulse energy (and perhaps hints at the presence of saturation, at least for the black line). The contrasting behaviour reflects the conceptually different nature of the quantities which are plotted: while the amplification shows the absolute amount of light collected, G quantifies the advantage to be drawn from the addition of NPs to the fluorescent sample. The experimental results show that the gain is much stronger at lower pump energy that at larger ones, while it grows monotonically with C N . This is good news for biological applications since half of the total gain can be obtained at less than 1/3 of the maximal amount of pump pulse energy, in the range we have explored. Thus, depending on the scope of the application, two different strategies will be possible. In order to maximize the amount of collected fluorescence light, it will be worthwhile to increase the pump pulse energy, while to get the largest benefits in amplification efficiency (without reaching the maximum value of G), it will be sufficient to use E P < 1 mJ, thus limiting the possible phototoxic effects on the living organism.
Finally, it is important to remark that the absolute amount of gain obtained with this setup is considerable. Figure 6 (b) shows that it is possible to reach G ≈ 40 under the best experimental conditions we have used (E P ≈ 3 mJ and C N = 6.25 mg/m ). However, if lower scatterer densities are preferred, it is still possible to obtain G ≈ 10 (C N = 1.56 mg/m ), which represents a substantial gain from an experimental point of view, since an increase by one order of magnitude can render a weak signal visible on the background noise.
VIII. CONCLUSION
The results of this investigation show that by adding TiO 2 -NPs to the sample, it is possible to obtain fluorescence amplification through stimulated emission with FITC (an FDA-approved fluorescent dye) at concentrations five times lower than those of Rhodamine 6G commonly used for random lasing in dead tissues and in an acqueous medium at neutral pH. These conditions bring the overall conditions closer to those required for full biocompatibility, while offering a considerable amplification with relative gain which can reach a factor 40.
The stimulated amplification is proven by the observation of an enhanced fluorescent yield, by a considerable reduction in linewidth (up to 4 or 5 times) and a shorter duration of the fluorescence pulse. Optical gain is obtained at sufficiently low pulse energies (below the random lasing threshold), thus strongly limiting both the potential cell phototoxicity and dye photobleaching.
The results presented, however, do not yet offer a fully biocompatible technique. Reducing the FITC concentration (C F ≤ 20µM), introducing a cellular culture medium (in place of high-purity water) and replacing the FITC with cells expressing a fluorescent protein (e.g., Green Fluorescent Protein, GFP) will bring the experimental parameters in a range fully compatible with living organisms. The replacement of high-purity water with cellular culture medium worsens clustering issues, which can be overcome through NP functionalization. The reduction in fluorescence yield, coming from GFP or organic cell-trackers, also represents a challenge presently investigated. NPs may or may not be internalized by cells (depending on their properties), but their scattering properties globally hold as long as cellular viability remains unaffected by their presence. Work in progress is addressing these issues and results will be shown in a future publication. Of course, other kinds of NPs can be considered (such as ZnO, silver or gold) matching them to the experimental conditions (e.g., absorption wavelength, scattering efficiency, NP size, biocompatibility, etc.).
The characteristics of the fluorescence signal amplified by stimulated emission promise several biological applications. Fluorescence amplification can be adopted as a sensor in flow cytometry and spectroscopy to detect and characterize rare cell populations or markers that are poorly expressed or represented in a biological sample. For example, it should be possible to characterize the cell's physical properties by bathing it in a gain medium. In this case, the characteristics are influenced by the cell's refractive index as well as by the biomarker's concentration in the cell, allowing thus an identification of the cell's phenotype with high sensitivity. The smaller fluorescence linewidths obtained through stimulated amplification, permit a denser multiplexing of fluorophores associated to different biomarkers, while also reducing the cross-talk between short-wavelength emission tail and long-wavelength reabsorption tail (thus, self-quenching). Finally, the optically amplified short fluorescence pulses could be used to sample in real time weakly expressed biochemical processes at timescales in the millisecond range, with a suitable development of a pulsed laser source and through adaptation of the control electronics.
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